Abstract. Tomatoes have been associated with numerous outbreaks of salmonellosis in recent years. Trace-backs suggest tomato fruits may become contaminated during preharvest. The objective of this study was to determine the potential for Salmonella enterica serotype Newport to be internalized into the roots, stems, leaves, and fruit of red round tomato plants through contaminated irrigation water at various stages of plant development. Tomato plants were irrigated with 250 or 350 mL (depending on growth stage) of 7 log CFUÁmL -1 S. Newport-contaminated irrigation water every 7 days. Roots, stems, leaves, and two tomato fruit from plants irrigated with S. Newport or water (negative control) were sampled for contamination at five stages of growth. Twenty-five of the 92 total samples taken from plants irrigated with S. Newport were confirmed positive (serovar specificity was not evaluated). Sixty-five percent of confirmed samples were roots, 40% were stems, 10% were leaves, and 6% were fruit. There was a significant difference in the presence of S. enterica according to tissue sampled (roots > stems > leaves, and fruit) (P < 0.05) and no association between growth stage and contamination (P > 0.05). Contamination of tomato fruit with S. Newport introduced through irrigation water is low because a high level of persistent contamination of a plant in the agricultural setting is unlikely.
The presence of human pathogens on fresh produce is a significant public health concern because these products are often consumed raw. Since 1998, 13 outbreaks of Salmonella enterica related to fresh tomato consumption have occurred in the United States (J. Guzewich, personal communication) . This large number of outbreaks prompted the U.S. Food and Drug Administration (FDA) to implement a multiyear initiative in 2007 aimed at reducing tomato-related illnesses (FDA, 2007a (FDA, , 2007b . Goals of this initiative include identifying production practices or conditions that may lead to tomato contamination as well as facilitating and promoting research on tomato safety (FDA, 2007a (FDA, , 2007b . These outbreaks have specifically raised concerns about the potential for S. enterica to contaminate tomatoes in the preharvest environment.
In 2008, the value of fresh market tomato production in the United States was $1.4 billion (National Agricultural Statistics Service, 2009 ). The impact of tomato-related foodborne outbreaks has significantly affected the tomato industry. A salmonellosis outbreak in 2008 was initially linked to tomatoes but later found to have a stronger association with jalapeno peppers (Centers for Disease Control and Prevention, 2008) . This initial association between the outbreak and tomatoes is speculated to have cost the industry over $100 million in losses (Shin, 2008) . Because fresh market tomatoes are intended to be consumed raw, there are no steps during processing to eliminate the pathogen in the event that contamination occurred. It is essential for researchers to identify contamination routes to prevent outbreaks and further damage to the industry. If routes were identified, recommendations for steps that growers can take in the preharvest environment can be made to help reduce the risk of contamination.
Several potential pathways for S. enterica to contaminate tomato fruits have been examined by researchers. Tomato flowers brushed with a five-strain cocktail of S. enterica (serovars Enteritidis, Hartford, Michigan, Montevideo, and Poona) resulted in 25% of ripened fruit contaminated (Guo et al., 2001) . Additionally, plants inoculated by stem injection 5 cm below the flower base also produced contaminated fruit (Guo et al., 2001) . Irrigation of plants with contaminated water may also be a potential source of fruit contamination. Internalization of S. enterica into the hypocotyls and cotyledons, stems, and leaves of tomato seedlings occurred after 1, 5, and 9 d of growth when grown hydroponically in contaminated nutrient solution (Guo et al., 2002) . However, when S. Enteritidiscontaminated water was applied directly onto the soil of pots containing the tomato cultivar Cherry Gold, the pathogen was not recovered from plant tissue (Jablasone et al., 2004) . Greenhouse tomato plants irrigated with S. Montevideo-contaminated water displayed no contamination in tomato fruits, but samples of roots exposed to four or more irrigation events (once every 14 d) were positive (Miles et al., 2009) .
The primary S. enterica serovars involved in tomato outbreaks are Newport, Javiana, and Braenderup (J. Guzewich, personal communication). Studies tracing potential colonization by tomato outbreak strains through the root system into tomato plants from seedlings to fruit have not been conducted. The objective of this study was to determine whether tomato plants irrigated with S. Newport have the potential to uptake the organism through roots and have translocation throughout the plant resulting in contaminated tomato fruit.
Materials and Methods
Bacterial culture. A clinical isolate of S. Newport (J1893) was obtained from the Centers for Disease Control and Prevention (Atlanta, GA) for use in this study. The isolate originated from a human case of salmonellosis associated with the 2005 tomato outbreak. On receipt, the isolate was plated for isolation and confirmation onto XLT-4 agar (Becton Dickson, Sparks, MD) and incubated for 24 h at 37°C. Colonies presumptively positive for S. enterica were red with black centers indicating H 2 S production. The isolates' serotype was confirmed using the Salmonella latex agglutination kit (Microbiology International, Frederick, MD) with antisera specific to group C2 (98% specificity) to confirm S. Newport. After confirmation, the culture was stored at -80°C in 30% glycerol and tryptic soy broth (TSB; Becton Dickson) until use.
Inoculum preparation. To begin each experiment, cells were activated by three successive 24-h incubations at 37°C in TSB. The final suspension was centrifuged at 7500 g for 10 min and the spent medium decanted. The culture was resuspended in sterile deionized (DI) water to create a final inoculum concentration of 7 log CFUÁmL under a day and night cycle of 12 h. One chamber contained the S. Newport-inoculated plants, and the other chamber contained the controls to prevent possible cross-contamination. For both chambers, the temperature was maintained at 28°C (daytime) and 26°C (nighttime) with relative humidity of 60%. Once plants were Á3 ft tall, sterilized stakes were inserted into the edge of the pots on either side of the plant and string secured the stems to ensure vertical growth and mirror commercial practices. In addition to irrigation (described subsequently), tomatoes received a Miracle GrowÒ: Tomato Plant Fertilizer (Scotts) treatment, per manufacturer's instructions, once a week, or as yellowing developed, throughout the growing period. The soil was kept moist but not saturated to prevent the soil from becoming anaerobic. Each pot was individually placed in a polypropylene tray to collect the irrigation runoff.
Plants were divided into two treatment groups: control (irrigated with distilled water) and experimental (irrigated with S. Newportcontaminated water at 7-d intervals). All plants, regardless of treatment group, received daily irrigation applied individually to the top of the soil. Care was taken to apply water in a constant pour directly at the base of the plant; no splash or contact between the treatment and the rest of the plant was made. The volume of water used to irrigate the tomato plants was constant between plants and dependent on the soil capacity and growth stage of the tomato plants. Initially, transplants were irrigated with 250 mL of solution until flowering when the irrigation aliquot was increased to 350 mL to account for additional water requirements. Plants in the experimental group were treated with a 7 log CFUÁmL -1 S. Newport suspension. Tomato plant sampling. Tomato plants were randomly sampled for the presence of S. enterica (serovar specificity was not completed) at various tomato growth stages: 14 d posttransplant (PT), early fruit, midfruit, full fruit, and terminal. The early fruit sampling date was conducted when the plants had two or more green fruit (49 d PT). The midfruit assessment date corresponded to when the plants contained a mixture of red and green fruit (56 d PT). The full fruit sampling occurred when the plants contained all red fruit (65 d PT) and terminal stage sampling as the plant appeared to wilt and began ending growth (67 d PT). At each assessment, four randomly selected plants from each treatment group (eight plants total) were dissected and the roots, stems, leaves, and fruit (if present) of each plant were sampled for the presence of S. enterica. Conventional plating and molecular procedures were used to analyze the plant tissues for S. enterica.
Stem and leaf analysis. Randomly selected leaves were aseptically removed from the plant using surface-sterilized scissors. To isolate only bacteria on the internal portion of the plant, all surfaces analyzed were sanitized with 70% ethanol Miles et al., 2009) . The surface disinfection treatment was confirmed in preliminary work by surface-inoculating samples, allowing them to dry for 1 h under a flow hood, subjected to surface disinfection, and plating tissue homogenates (data not shown). One leaf from one branch from the top, middle, and lower portions of the tomato plant were included. The leaves were surface-sterilized by spraying with 70% ethanol solution and allowed to dry under a flow hood until no visible solution remained (Miles et al., 2009 ). The excised leaves were aseptically combined in one stomacher bag and treated as a single sample.
The stems were aseptically cut into 3-cm portions beginning at 20, 40, and 60 cm (from the surface of the soil) and combined to form one sample (Miles et al., 2009) . If the stem was not long enough to sample in intervals, the entire stem was sampled. The stem was surface-sterilized by spraying with 70% ethanol solution and allowed to dry under a flow hood until no visible ethanol remained (Miles et al., 2009) . Stem pieces were then aseptically combined in one stomacher bag and treated as a single sample.
Ten milliliters of 0.1% buffered peptone water was added to each stomacher bag sample of either leaves or stems and stomached for 90 s. Homogenates were streaked (10 mL) onto XLT-4 agar. After 24 h incubation at 37°C, typical S. enterica colony formation was considered presumptive positives.
Root analysis. Roots were aseptically removed from the plant and washed in distilled water until no residual soil remained. The roots were surface-sterilized by spraying with 70% ethanol solution and allowed to dry under a laminar flow hood until no visible ethanol remained (Miles et al., 2009 ). The root sample was then combined with 10 mL of 0.1% buffered peptone water and stomached for 90 s in a sterile stomacher bag. The root homogenate was streaked (10 mL) onto XLT-4 agar. After 24 h incubation at 37°C, typical S. enterica colony formation was considered presumptive positives.
Tomato fruit analysis. Both green and red ripe tomato fruits were harvested from plants. Two fruit were randomly selected from each plant and sampled separately for S. enterica presence. Removed fruits were surface-sanitized by spraying 70% ethanol solution and then allowed to dry under a laminar flow hood until no visible ethanol remained (Miles et al., 2009) . The fruit were then placed in individual sterile stomacher bags containing 10 mL 0.1% peptone water and stomached for 90 s. The homogenate was streaked (10 mL) onto XLT-4 agar. After 24 h incubation at 37°C, typical S. enterica colony formation was considered presumptive positives.
Enrichment procedures. The remaining homogenates from all root, stem, leaf, and fruit samples were enriched for S. enterica to identify cells that may not have been culturable from the initial sample. One-milliliter aliquots of each homogenate sample were separately inoculated into 10 mL Tetrathionate broth (Remel, Lenexa, KS). Tetrathionate broth was incubated at 37°C for 24 h and then streaked (10 mL) onto XLT-4 agar. After 24 h incubation at 37°C, typical S. enterica colony formation was considered presumptive positives.
Polymerase chain reaction confirmation of S. enterica in samples. After enrichment procedures, presumptive positive colonies from XLT-4 agar plates were confirmed to be S. enterica using polymerase chain reaction procedures (PCRs). Other bacteria can appear like S. enterica colonies on XLT-4 (red with black centers indicating H 2 S production), resulting in the need for further confirmation. Each presumptive colony (one from each plate) was grown to 7 log CFUÁmL -1 in 10 mL TSB at 37°C for 24 h before PCR analysis. The culture was centrifuged at 7500 g for 10 min and then resuspended in sterile DI water. DNA was extracted using the Qiagen Generation Capture Plant Kit (Qiagen, Valencia, CA) per the manufacturer's instructions. PCR was performed using 100 ng of purified DNA, 0.05 mM invA (invA-112F 5#-TCGACAGAC GTAAGG 3# and invA-1920R 5#-GCGATA TTGGTG-3#), and 2· Taq Mastermix (New England Biolabs, Ipswich, MA). PCR conditions were as follows: initial denaturation at 96°C for 2 min followed by 35 cycles of: 96°C for 30 s, 55°C for 30 s, and 72°C for 1 min and a final extension of 10 min at 72°C. All presumptive positive samples that were invA-negative were reamplified with a primer set for 16S rDNA that will amplify DNA from all bacteria. PCR products were visualized on a 1.5% agarose gel. Bands corresponding to a fragment size of 1800 confirmed amplification of the invA gene and confirmed the colony as S. enterica.
Statistical analysis. Each treatment group (S. Newport-irrigated and control) contained 22 tomato plants (total of 44 plants) and four plants from each group were sampled at random at each of the five growth stages. Two tomato fruit from each plant were sampled separately. The correlation between the plant tissue type (root, stem, leaf, or fruit) and growth stage (14 d, early fruit, midfruit, full fruit, or terminal) on the presence of S. enterica was evaluated using c 2 analysis. Statistical analysis was completed using Statistical Analysis Software Version 9.1 (SAS Institute, Cary, NC).
Results
There were at total of 92 plant samples collected from each treatment group (20 stems, 20 leaves, 20 roots, and 32 fruit) over the course of the experiment. S. enterica was not recovered from plants irrigated with distilled water exclusively (control). The presence of S. enterica was detected consistently in the roots and stems of plants irrigated with the pathogen, but not consistently in the leaves or fruit (Table 1) . Of the plants irrigated with S. Newport, 32% (29 of 92) of samples before enrichment and 39% (36 of 92) after enrichment were presumptively positive for S. enterica (Table 1) . Of the 29 presumptive positive pre-enrichment samples, 20 were root samples, seven were stem samples, and two were leaf samples (Table 1) . After enrichment procedures, an additional five stem and two tomato fruit samples were presumptively positive for S. enterica (Table 1) .
Other bacteria isolated from plants can appear on XLT-4 agar as S. enterica (red with black centers indicating H 2 S production); therefore, an additional step to confirm that the colonies were Salmonella was needed. All enriched homogenates were amplified for the invA gene (exclusive to S. enterica) using PCR (Table 1) (Rahn et al., 2002) . Previous work in our laboratory established that the invA primers are specific for only members of S. enterica and do not amplify other members of the Enterobacteriaceae family that are likely to be associated with plant samples. After PCR, 13 of the 20 presumptive positive roots samples, eight of 12 stem samples, two of two leaf samples, and two of two fruit samples were confirmed as positive for S. enterica (Table 1) . Therefore, 65% of roots, 40% of stems, 10% of leaves, and 6% of fruit were confirmed to be contaminated after irrigation with S. Newport (Table 1) . PCR was able to confirm S. enterica in all but 12 culture-positive samples (Table 1 ). The 16S rDNA gene was amplified from all homogenate samples that were negative for S. enterica after PCR, indicating that PCR inhibition did not occur. Overall, significantly more root samples were positive for S. enterica than stems, and significantly more stems were positive than the leaf and fruit (P # 0.05). There were no significant differences (P $ 0.05) between the growth stage of the plant and presence of S. enterica in any of the tissues.
Discussion
This study showed S. enterica may become associated with the roots and, to a lesser degree, stems and leaves of tomato plants when introduced through contaminated irrigation water. This association may occur through entry at the root site of some of the plants. Secondary lateral root emergence creates a wound in the pericycle, mesophyl, and periderm of the root, which provides moisture and nutrition to rhizosphere microorganisms (Dong et al., 2003) . Interior root colonization can occur passively through natural openings or wounds in the root, which result during growth or damage during transplantation (Hallman et al., 1997) . The points of secondary lateral root emergence, which emerge during root development, are thought to be the primary sites for bacterial colonization (Hallman et al., 1997) . S. enterica concentrates at root tips and lateral branches and can invade and survive in the primary root (Cooley et al., 2003) .
Previous work has confirmed that irrigating with S. enterica-contaminated solutions applied at the root can result in contaminated plant tissues. Greenhouse-grown tomato plants receiving at least four watering events (at root site) with S. Montevideo at 14-d intervals throughout the life of the plant resulted in internal root contamination when plants were sampled at terminal fruiting (Miles et al., 2009) . Additionally, the hypocotyls and cotyledons, stems, and leaves from 9-d-old tomato seedlings were contaminated with 3 to 4 log CFUÁmL -1 of a S. enterica cocktail when grown hydroponically in contaminated medium (Guo et al., 2002) . Association of the pathogen with nonroot tissues in the mature tomato plant is less convincing. No significant evidence of S. enterica in stem, leaves, and tomato fruit samples was found after irrigating cherry gold and red round greenhouse tomato plants with S. Enteritidis (a nontomato outbreak-associated serovar) or S. Montevideo, respectively (Jablasone et al., 2004; Miles et al., 2009) .
Serovars of S. enterica persist differently in tomato plant tissues (Guo et al., 2001) . To date, no work has been completed with S. Newport (a predominant serovar associated with tomato-related foodborne illness). To our knowledge, there are no other studies evaluating irrigation water as a source for tomato plant contamination. This study was completed to help clarify whether application of S. Newport in the root zone could result in contamination of various tomato plant tissues when sampled throughout differing plant growth stages. There is evidence that S. Newport can internalize into the roots and leaves of other produce crops. When the potting medium of 33-d-old romaine lettuce plants was inoculated, roots and leaves were positive for S. Newport (Bernstein et al., 2007a) . Leaves from 17-or 20-d-old plants were not contaminated, suggesting the plants' age or developmental stage may affect bacterial internalization (Bernstein et al., 2007a) . Other S. enterica serovars have been detected in the aerial tissue of other plants Jablasone et al., 2005; Klerks et al., 2007) .
In this study, S. enterica was significantly less likely to be associated with leaves and fruit of tomatoes. Once aerial plant tissues such as leaves becoming contaminated, the pathogen encounters harsh physiochemical conditions (ultraviolet radiation, lack of available nutrients) that diminish survival rates (Doyle et al., 2008) . S. enterica numbers on leaf tissue have been found to be 30-to 40-fold less than those detected on roots (Cooley et al., 2003) .
Care was taken to inoculate the tomato plant at consistent intervals such that each contamination event would not specifically affect the presence or absence of contamination during sampling. The continuous inoculation of S. Newport in the root zone likely replenished the levels or encouraged persistence of the bacterium in soil surrounding the roots. Salmonella Newport is capable of persisting in potting medium for 4.7 to 10 weeks (Bernstein et al., 2007b) . The presence of S. enterica inside plant tissues was evaluated by sanitizing the exterior of the sample before enumeration or enrichment. Plant samples were sanitized with 70% ethanol before sampling. This method was preliminarily examined in our laboratory before the study and found to be sufficient. Although ethanol removes 99.81% of S. enterica from the surface of leafy tissues , it is likely that all bacteria were not been removed. In this study, with the exception of roots, S. enterica was not applied directly to Table 1 . Number of tomato plant samples [roots (R), stems (S), leaves (L), and fruit (F)] presumptively positive for S. enterica serotype Newport before enrichment of homogenate and postenrichment and confirmed using Salmonella invA-specific primers in plants irrigated with distilled water (control) (n = 4) and S. Newport (n = 4) at different host growth stages grown under controlled environmental conditions. the exterior of plant tissues (leaves, stems, or fruit); therefore, high levels of the pathogen on the exterior were unlikely. It is possible that more root samples were positive as a result of the high concentration of the S. Newport in the soil surrounding the root. A different surface sanitation method may have been more effective in sanitizing the exterior portions of the plant (Zhang et al., 2009) .
Overall, S. Newport may be capable of contaminating aerial tomato plant tissues when consistently high levels are applied at the root site. S. Newport was able to be recovered from the plant at every growth stage, demonstrating the possibility for contaminated irrigation water to persist on tomato plant parts over the course of its existence. Contamination on the tomato fruit is of most significance. We found two tomatoes to be positive for S. enterica. Although this is significant, contamination was low because the fruit were only positive after enrichment. As a result of the use of a Biological Safety Level-2 pathogen, we were unable to conduct this study in a tomato field environment. Care was taken to control natural tomato-growing conditions as closely as possible, but these conditions are not representative of the complex natural systems found in agricultural fields. Persistent contamination of a plant would be highly unlikely in the agricultural field setting as a result of external factors (weather, ultraviolet exposure) and competition between S. enterica and other organisms in the phyllosphere. Ultimately, significant contamination of the edible tissue of the tomato plant (fruit) with S. Newport in field conditions is unlikely, even when consistently high levels of inoculum are applied to the root zone.
